With low melting point, extremely low vapor pressure and non-flammability, ionic liquids have been attracting much attention from academic and industrial fields. Great efforts have been made to facilitate their applications in catalytic processes, extraction, desulfurization, gas separation, hydrogenation, electronic manufacturing, etc. To reduce the cost and environmental effects, different technologies have been proposed to recover the ionic liquids from different solutions after their application. This review is mainly focused on the recent advances of the recovery and purification of ionic liquids from solutions.
Introduction
Ionic liquids (ILs) are a class of molten salts with melting points below 100 C. Generally, this kind of chemical is composed of organic cations and organic/inorganic anions. The cations are mainly, but not limited to alkylated imidazole, pyrrole or pyridine derivatives, quaternized alkyl amines and alkyl phosphines (Table 1) , etc. Some representative anions of ionic liquids are halides, alkyl sulfates, uorinated hydrocarbons, carboxylic acids and amino acids, 1-3 as shown in Table 2 . Company and then joined the faculty of Tianjin University as a professor. She has published more than 100 scientic papers and about 40 invention patents granted as the rst inventor or co-inventors. Her main research areas are related to the surface science in complex uid, oil-solid separation, solvent extraction, adsorption, functional chemicals synthesis and applications and also the advanced methodologies for remediating contaminated sites.
In addition to the two most common IL types, i.e., protic and aprotic ILs, 4 some other ILs subclasses have also been reported, including polymeric ILs, 5 double salt ILs, 6 dicationic ILs, 7 deep eutectic solvent, 8 chiral ILs, 9 solvate ILs, 10 etc. Some ionic liquids mentioned in the review are listed in Table 3 . During the past decades, ILs have attracted much attention from researchers and engineers due to their unique characteristics such as negligible vapour pressure, nonammability, high thermal stability and a wide electrochemical (conductivity) window. In addition, the physical and chemical properties (e.g., solubility, polarity, viscosity and acidity) of ILs are also found to be able to be designed by combination and modication of their cations and anions. In this way, the ILs have been applied in certain processes, such as catalytic reactions, 11, 12 separations, 13,14 desulfurization, 15, 16 hydrogenation, 17, 18 and electrochemistry. 19, 20 However, ILs are, at least, partially miscible with water or hydrocarbons, which will inevitably end up in the aqueous or non-aqueous environment through industrial waste stream. 21, 22 Although there are multiple ILs created from GRAS (Generally Recognized As Safe) list ions, 23, 24 the leaking of some ILs with certain toxicity may cause potential environmental impact. 25 On the other hand, a major concern associated with adopting ILs in large scale industrial processes is their relatively high cost in comparison with conventional solvents. The expense can be offset to some extent if ILs are recycled. 26 Therefore, efficient separation and recovery of ILs from different solutions are essential for their ecological and economic applications.
During the past decades, great attempts have been made by researchers for the recovery and recycling of ILs, including distillation, 27 extraction, 28 adsorption, 29 membrane separation, 30 aqueous two-phase extraction, 31 crystallization 32 and force eld separation, 33 etc., shown in Fig. 1 . Among these methods, distillation and extraction are two of the most commonly used ways. Distillation, especially vacuum distillation, is usually employed as the nal step for separation of Zhidan Jia was born in Hebei, China. She received her B.Sc. degree from Hebei University of Technology in 2016. And she focused on the preparation of crystal whiskers with MgSO 4 . Aer that, she studied in Tianjin University as a master student and joined Prof. Xingang Li's group. She is majoring in behaviors of ionic liquids at oilwater interface and applications of ionic liquid in oil industry. Ziqi Yang received her B.Sc. degree in Chemistry from Nankai University in 2015. During her pursuing the bachelor degree, she focused on the synthesis of functionalized graphene for glycoproteins enrichment. Aer that, she joined Prof. Xingang Li's group, majoring in the research on the synthesis of CO 2 -responsive materials and their applications in oil-solid separation.
She received her M.Sc. degree in Chemical Engineering from Tianjin University in 2018. Now, she is a Ph.D candidate in chemical engineering.
Xingang Li received his Ph.D. from Tianjin University in 1992.
He is now a full-professor in School of Chemical Engineering & Technology, in Tianjin University. He is also the head of National Engineering Research Centre of Distillation Technology, China. His research focuses mainly on the separation elds, including distillation, extraction, soil remediation, unconventional oil exploitation, waste gas treatment, chemical synthesis, chemical processing of coal, etc. He obtained the National Progress Awards in Science and Technology (2007) , National Invention Award (2013) and other scientic awards. He has published more than 300 articles including original papers, reviews and chapters of books. [DBNH] + volatile products from ILs. When it comes to non-volatile or thermally sensitive substances, extraction is a more preferable choice. Adsorption is considered to be a robust and nondestructive way to recover ILs from aqueous solution. Nonetheless, the desorption of the adsorbed ILs still has a long way. Membrane technology is also employed to separate ILs, where ILs could be remained in the feed side or permeate through the membrane. The aqueous two-phase system, where there is no use of traditional volatile organic solvents in the whole process, is usually applied for recovering hydrophilic ILs. Other technologies such as crystallization and force eld separation have also been developed to obtain ionic liquids with high purity or save much energy. There are some comprehensive reviews on the synthesis and application of ionic liquids. [34] [35] [36] [37] [38] [39] [40] [41] [42] In this review, the recent advances regarding the methods used for the recovery and recycling of ILs, either single or combination of these methods have been reviewed and discussed. We hope this review could provide some basic information and strategy for researchers and engineers in choosing and designing suitable recovery methods in practice.
Methods for recovery and purification of ionic liquids from solutions

Distillation
Distillation is the most commonly used process for separating liquid mixtures through gradient boiling and condensation based on the differences in the volatility of the components in the mixture. Due to simple operation, the distillation has been widely applied for the recovery of ILs. During the process, according to the types of the distillates, the distillation could be operated in three ways. One is the distillation of volatile species while leaving the ionic liquids in the distillation equipment. Another way is distillation through the reaction of ILs, where ILs form distillable carbene or decompose into distillable neutral compounds. The third way is that ILs are distilled out as intact ion pairs.
2.1.1. Distillation of volatile compounds Conventional distillation methods. Separation of ILs and low boiling point compounds by conventional distillation could be achieved in a rotary evaporator 27, 57, 58, [78] [79] [80] [81] or a thin lm evaporator. [82] [83] [84] [85] The rotary evaporator works on the basis of reducing the pressure above a bulk liquid thus lowering the boiling points of components in the liquid mixture. Compared to the standard organic distillation glassware, the heating surface in rotary evaporator is enlarged due to the formation of a thin lm of warm solvent, which is caused by the centrifugal force and the frictional force between the wall of the rotating ask and the liquid sample. Therefore, the rotary evaporator is a commonly used device in laboratories to distillate out high boiling and/or air sensitive compounds. Dennewald et al. 57 applied the rotary evaporator to recover the 1-hexyl-1-methylpyrrolidinium bis(-triuoromethylsulfonyl)imide ([Hmpyr][Tf 2 N]) from solutions. This kind of ionic liquid was used as solvent in biotransformation of 2-octanone into (R)-2-octanol, where the IL formed emulsions with the aqueous phase containing biocatalyst due to their immiscibility. Therefore, before the distillation, the emulsions should be pretreated for complete separation by centrifugation. Aer the pretreatment, the IL phase was introduced in a rotary evaporator for distillation under the minimal pressure (P < 5 mbar) at 130 C for 5 h. The product ((R)-2-octanol) and nonconverted 2-octanone were distilled out and IL was remained as residue. However, they proposed that the residence time for this kind of batch distillation apparatus was very long, thus leading to the signicant hydrolysis of ILs. In addition, these hydrolysis products would deteriorate the cellulose dissolution capability of ILs. Different from the rotary evaporator, the thin lm evaporator could be operated continuously and applied at pilot scale. During the thin lm evaporation, the liquid mixture ows downwards the evaporator wall by gravity or assisted by mechanical wipers, forming a continuous thin lm that covers the evaporator surface. One of the advantages of the falling lm evaporator is the high heat transfer coefficients and short residence time of the liquid, making it ideal to separate heatsensitive, viscous or low thermal conductivity substances. 86 Ahmad et al. 85 tested the feasibility of a thin lm evaporator in recovering [DBNH] [Ac] from a solution containing 80 wt% water at pilot scale. The detailed diagram of the evaporation system is shown in Fig. 2 . The IL solution was pumped from the vessel through the preheater and fed to the top of the evaporator. The feed was distributed around the evaporator walls under centrifugation force by the wiper system. The IL rich residue was collected at the bottom of evaporator while the vapor product with the high proportion of water was collected at the top as distillate. The operational parameters, such as feed ow rate, operation pressure and evaporator jacket temperature have been systematically investigated. The ow rate was observed to exert slight effect on the product composition, while the separation efficiency increased with higher jacket temperature and lower pressure. It was found that the [DBNH] [Ac] product with low water contents (5-11.7 wt%) was obtained. The conventional distillation technology has been employed for industrial application. A process of the chlorination of butanediol with gaseous HCl was developed by BASF (Germany), where the ionic liquid acts as solvent. 87 Aer the reaction, the upper organic phase which was consisted of the reaction product (1,4-dichlorobutane) was easily separated from the lower IL phase. The water that was formed as by-product could be distilled off from the IL phase (not explicitly mentioned). Thus the IL could be used for the next run without any further processing. BASF has also run an extractive distillation process in a pilot plant.
73,88 The 1-ethyl-3-methylimidazolium tosylate ([C 2 mim][TOS]) was used as an entrainer for the separation of azeotropic mixtures (methanol-trimethylborate (MeOH-TMB)). Fig. 3 shows a ow sheet of the extraction distillation process involving the recovery of IL by thin lm evaporation. The TMB was distilled and obtained at the top of the column. The MeOH was drawn at the bottom. The mixture of IL and residual MeOH was removed to a falling lm evaporator, where the MeOH was distilled and the recovered IL was fed at the top of the extraction column and reused. The [C 2 mim][TOS] showed stable performance for the separation of MeOH-TMB during a period of 3 months.
Microwave-assisted distillation. Microwaves are electromagnetic waves with radio frequencies in the range from 300 MHz to 300 GHz (wavelengths from 1.0 mm to 1.0 m). Compared with the traditional heating, the microwave irradiation could be used to heat the materials to high temperature in a fast way through excitation of polar molecules (via dipole rotation) or ions (via Fig. 1 Schematic of ionic liquids recovery and purification methods. N]) from ILs/ water mixture. It was found that for the homogeneous mixture of hydrophilic ILs and water (1 : 1, w/w), the energy efficiency was at least 52 times higher than those in conventional vacuum distillation. However, for the oil-water dual phases, although the water content in hydrophobic ILs was less than that in hydrophilic ILs, much more energy was observed to be required to distill the water from the water-saturated hydrophobic ILs. Unfortunately, the detailed mechanisms for this phenomenon are still not clear.
Molecular distillation. Molecular distillation, a type of shortpath vacuum distillation, has been used for the separation of heat-sensitive materials based on the differences in the mean free path of gas molecules. 95 This method is characterized by a short-term exposure of the distilled liquid at elevated and high vacuum in the distillation column, and a short distance (20-50 mm) for vapor from the evaporator to reach the condenser. 96 Blahušiak et al. 76 employed molecular distillation for regeneration of butanoic acid from a hydrophobic phosphonium IL (commercial name CYPHOS IL 104). The IL was diluted with dodecane to decrease its viscosity. Results showed that 88% of the butanoic acid and almost 90% of dodecane was distillated out. Huang et al. 45 applied molecular distillation to recover 1-allyl-3-methylimidazolium chloride ([Amim] [Cl]) used in a homogenous cellulose acetylation system. Their results showed that the volatile impurities were distilled while the [Amim] [Cl] remained as a residue which was recycled and reused for 5 times without any change in the structure.
Distillation through reaction of ILs
Distillation by formation of carbene. For some imidazoliumbased ILs, the neutral carbene molecules could be formed by deprotonation of the cations of ILs in the presence of base at heating (Fig. 4a) . [97] [98] [99] The carbene could be distilled out and reacted with protic acid to re-form the ILs, thus allowing the recovery or purication of ILs. Maase et al. 99 reported a process in which 1,3-substituted imidazolium salt could be puried. In this process, the IL prepared by a conventional route was heated with the addition of a strong base (e.g., alkoxide) under reduced pressure. Then the corresponding carbene, 1,3-substituted imidazol-2-ylidene, was formed and distilled off. Since the anions of ILs were not distilled and remained as residual, the condensed carbene was subsequently reacted with the fresh protic acid which contained the anions of ILs to be puried. Consequently, the puried 1,3-substituted imidazolium salt was re-formed. However, in this method, the distillable carbene need to be re-reacted with the protic acid in molar stoichiometry, which would increase the operational difficulty and the cost of the process compared to simple distillation of volatile compounds.
Distillation by decomposition reaction. When being heated, the ILs would decompose into uncharged distillable compounds via protonation or alkylation of the anions at elevated temperature under vacuum (Fig. 4b) . 44 
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In addition to the above ILs going through deprotonation of the cations or alkylation of the anions during distillation, a series of distillable amide-derived aprotic ILs were also synthetized. [103] [104] [105] The amide O-alkylation reaction is readily reversible varying with temperature. The volatile molecular precursors were found to be vacuum distilled and reverted to ILs at room temperature. 103 Furthermore, the distillable ILs from the family of alkyl carbamate salts have also been reported. 74, [106] [107] [108] Separation of these ILs can be achieved at moderate temperatures due to the release of the neutral species (CO 2 and the dialkylamine) when being heated. The reformation of the ILs could be realized by subsequent recombination of the two compounds when cooling. For instance, during the aldol-condensation reactions, the N 0 ,N 0 -dimethylcarbamate (DIMCARB) was used as the medium. This kind of ionic liquid would be dissociated to dialkylamine and CO 2 under high vacuum and relatively low temperature (60-105 C). These dissociated components could be re-associated by condensation. 2.1.3. Distillation of ILs as intact ion pairs. Different from the above process by distillating the ionic liquids as carbene or other decomposited neutral compounds, a range of pure, aprotic ILs could be vaporized as intact ion pairs and then condensed at lower temperatures without decomposition (Fig. 4c) . Aer careful tests, Earle et al. 109 demonstrated that ILs derived from tetraalkylammonium cations, N,N-pyrrolidinium cations and 1-alkyl-1,8-diazabicyclo [5.4 .0]undec-7-enium could be vacuum distilled out as ion pairs, either alone or aggregated. However, the low distillation rate and harsh operation conditions (high vacuum and high temperature) make this method difficult for further application at present.
Extraction
Liquid-liquid extraction is a separation method based on the difference in solubility of the separated components in two immiscible liquid phases. It has been proved to be an efficient method for recovering ILs. Different solvents such as water, organic solvents and supercritical carbon dioxide (scCO 2 ) have been employed during the extraction processes. 6 ]) phase and an aqueous phase was reported. 110 As shown in Fig. 5 , at low pH, the thymol blue was displayed as its red form which preferred to stay in the lower IL phase. As pH was further increased, a rising concentration of the yellow monoanion was detected in the upper aqueous phase. When the pH was above 10, the blue dianion was almost completely partitioned to the upper phase. Though the work provided insights on separation of ILs and solutes through pH adjustment, the distribution differences of the dye solutes between these two phases were not such signicant, which limited the amount of solute being extracted out.
Additionally, the acid aqueous solution could also be used to separate metal complexes from IL aer using IL for extraction of metal ions from aqueous solutions. Generally, traces of metal ions could be extracted from aqueous phase into the IL phase in the form of metal complexes by adding metal chelator. The metal complexes in IL phase would be dissociated when the acid solution is added to decrease the pH value, allowing metal ions to be separated from IL. Wei 4 ]). It is found that the extraction with diethyl ether was a generally applicable method for all biaryls and led to the highest yields (lack of the specic value) without obvious leaching of palladium species into the product. Luo et al. 60 investigated the regeneration of a caprolactam-based acidic IL, 1-(4-sulfonic group) butylcaprolactamium hydrogen sulfate ([HSO 3 -bCPL] [HSO 4 ]), which was used as catalyst during the transesterication of Jatropha oil with methanol. Aer the reaction, the mixture was cooled to room temperature and allowed to separate into two layers. The upper layer was consisted of biodiesel and unreacted oil, while the lower layer contained glycerol, unreacted methanol and the IL. The methanol and glycerol in the lower layer were extracted from IL with toluene followed by vacuum distillation. To recover the catalytic activity of the deactivated IL, the concentrated sulfuric acid was added dropwise into the IL. Results showed that the biodiesel yield was decreased by only about 5% and remained 91.9% aer reusing the IL for 8 times. However, it is worth noticing that the aromatic solvents such as benzene and toluene are soluble in some ILs (e.g. imidazolium-, pyrrolidinium-and pyridiniumbased ILs) and could result in the formation of liquid clathrates. 119 Therefore, one should consider this characteristic of the IL-aromatic systems when choosing the extraction solvents.
In addition to extracting the hydrophobic compounds, ILs would also be extracted out as solutes. For instance, the mixture of alkali lignin (200 mg) and 1-ethyl-3-methylimidazolium acetate ([C 2 mim][Ac]) (2 mL) could be separated by adding a specic amount of selected solvents (isopropanol, ethanol, acetonitrile, allyl alcohol, methanol) (5-100 mL) at room temperature. 69 The IL was extracted into the solvent phase under stirring, while the lignin pulp was precipitated aer centrifugation. The four solvents were all able to extract IL thoroughly. However, some lignin was still present in the solvent phase. The isopropanol proved to be the most effective solvent, allowing the lowest amount of lignin in the supernatant liquid (13 wt% when 100 mL solvent was added), followed by ethanol and acetonitrile (25-27 wt%). Relatively high amounts of lignin being about 54 and 67 wt% were provided by allyl alcohol and methanol, respectively.
The method of organic solvent extraction has been applied in industry for IL recovery. The Central Glass Company (Japan) has developed and commercialised a Sonogashira coupling reaction using a tetraalkylphosphonium ionic liquid as the solvent. 39 The aryl halide (3,5-bis(triuoromethyl)bromobenzen) was reacted with a terminal alkyl-alkyne (1,1-dimethyl-2-propyn-1-ol) catalysed by palladium-copper. Aer the reaction, the product was separated by extraction with hexane, and the by-product salt ([HNEt 3 ][Br]) was removed with a countercurrent ow of water. The remaining ionic liquid-catalyst solution could be recycled several times with little loss of the catalytic activity. However, the environmental impact maybe come up with the utilizing of organic solvent. Therefore, employing more environmentally friendly solvents as replacements has become one of the attractive directions.
2.2.3. Extraction with supercritical carbon dioxide. The supercritical uid refers to the substance above the critical point, where the distinct liquid-gas interface disappears. Small changes in pressure or temperature near the critical point could result in large change in density, allowing properties of a supercritical uid to be "ne-tuned". The supercritical uids have been considered as excellent solvents in a range of processes.
120 Supercritical carbon dioxide (scCO 2 ) is one of the most attractive supercritical uids because it is nontoxic, nonammable, inexpensive and has moderate critical temperature and pressure (31.1 C and 7.38 MPa).
121
The application of scCO 2 as extraction solvent for separation of IL and solute was based on three aspects: (i) the CO 2 can be easily dissolved in the IL phase. This is not only favorable for the contact of CO 2 with the desired solute, but also decreases the viscosity of the ILs. 122 (ii) The dissolved CO 2 in the IL phase can be completely removed by depressurization, thus pure IL is able to be remained aer extraction. (iii) Since most of ILs are not appreciably solubilized in the CO 2 phase, the problem of interactive contamination of the gas phase is eliminated as well.
123
The scCO 2 was rstly introduced by Blanchard et al. 28 for the quantitative extraction of non-volatile organic compounds, naphthalene, from [C 4 In addition to the extraction with scCO 2 , it was also observed by Scurto and coworkers 50, 128 that the relatively low-pressure CO 2 could also be used to separate some hydrophobic and hydrophilic ILs. They found that the solutions of methanol and [C 4 mim][PF 6 ] could be induced to form three phases in the presence of CO 2 .
128 As illustrated in Fig. 6 , the methanol and [C 4 mim][PF 6 ] were completely miscible at ambient conditions. When a pressure of CO 2 was placed upon the mixture, a second liquid phase would appear. If the pressure of CO 2 was further increased, the upper liquid layer which was rich in methanol, could merge with the CO 2 -rich gas phase. Then the newly formed phase was completely free of the ILs. The mechanism for this phenomenon would be ascribed to the expansion of the organic methanol phase by the CO 2 . Fig. 7 , at low CO 2 pressure, mixture of IL and water presented as one homogeneous phase. As the pressure of CO 2 increased, two liquid phases could appear. The lower liquid phase was rich in IL, the middle liquid phase was rich in water while the upper phase was mostly CO 2 with a small amount of dissolved water. However, it was difficult to achieve an IL-rich phase with more than 75.63 wt% of IL because this phase still contained water and CO 2 even at high pressure of 20 MPa. 130 
Adsorption
Adsorption has been utilized as a robust and non-destructive method to promote recovery or removal of ILs. Up to date, a variety of adsorbents, such as activated carbons, soils and sediments, ion exchange resins and biosorbents, etc., have been investigated.
2.3.1. Adsorption by activated carbons. Activated carbons (ACs) are commonly used adsorbents to remove organics from water or gas. Recently, they have been employed for the removal or recovery of various ILs from aqueous solution. 6 ] from wastewater. Aerwards, the adsorption of ILs onto ACs was further investigated from different aspects.
Effect of ILs structure. The adsorption efficiency is highly dependent on ILs structures, i.e., cation, chain length, and anion of ILs. Palomar et al. 70 investigated the separation of a series of 1-butyl-3-methylimidazolium ILs with different anions from aqueous solution using a commercial AC (ACMkU). The adsorption capacity of adsorbents to ILs varied from 0.1 to 1 mmol g À1 , following the order of hydrophobicity of
Similar result was also obtained by Lemus et al.,
48 who examined the adsorption of the 1-alkyl-3-methylimidazolium based ILs at molecular level using COSMO-RS method. Ushiki et al. It was observed that when increasing the length of alkyl chains, the adsorption efficiency was also found to be improved, which was consistent with those of Farooq et al. 55 and Lemus et al. 132 Moreover, with respect to the cation families, uptake of ILs was enhanced in the sequence: ammonium > phosphonium > pyridinium > imidazolium > pyrrolidinium > piperidinium, 132 which was in consistent with the content of unsaturated bond in the carbon.
134
Effect of properties of ACs. In addition to the chemical structures of ILs, the adsorption of ILs was also highly dependent on the porous structure and surface chemistry of ACs. Lemus et al. 48 found that the ACs with micropore and narrow mesopore (with high content of pore lower than 8 nm) presented the highest adsorption capacity for 1-octyl-3-methylimidazolium hexauorophosphate ([C 8 ) were preferentially adsorbed in the ultramicropores, and partially adsorbed in the supermicropores and mesopores of ACs. In addition, the adsorption of hydrophilic ILs could be enhanced by introducing oxygenated groups on the ACs surface. Conversely, the hydrophobic ILs were more effectively removed by the thermally treated ACs with lower polarity of surface.
55,70
Effect of solution chemistry. Generally, the uptake of imidazolium based ILs could be improved when the pH is increased. 55, 135 In basic media, the hydroxyl ions tend to be adsorbed at the ACs interface and deprotonate the surface, thus allowing the surface to become negatively charged. Consequently, the adsorption of ILs was facilitated owing to the increase of electrostatic binding sites for IL cations. 138 The adsorption of ILs on the ACs is also found to be highly dependent on the salinity of the solution. Neves et al. 133 observed that the addition of Na 2 SO 4 salt in solution could improve the adsorption of ILs onto ACs, particularly for the hydrophilic ILs (e.g., [C 4 146 found that increasing alkyl chain length did not lead to increased sorption of ILs to four types of aquatic sediments. They postulated this might be due to the fact that hydrophobic interactions were not the dominant adsorption mechanism.
Effect of properties of adsorbents. Physicochemical properties of the soils and sediments such as total organic carbon (TOC), cation exchange capacity (CEC) and clay minerals also play signicant roles in the uptake of ILs. Studzinska et al. 141 found that the sorption capacity of imidazolium based ILs was positively related to the total organic carbon (TOC) content in soils.
Mrozik et al. 143 tested the adsorption of nine ILs (imidazolium and pyridinium chlorides) on 11 types of soils. Through chemometric study, it was found that the main soil parameter responsible for the sorption was cation exchange capacity (CEC). Matzke 
2).
They observed that the addition of clays could facilitate the sorption but decrease the desorption for all tested ILs. Particularly, the smectite was found to be stronger than kaolinite in adsorbing ILs. This is because the smectite possesses higher specic surface and higher negative surface charge. synthesized the carbonaceous microsphere materials by chemically modied with KOH to increase the porosity, surface area and oxygen content (Fig. 8) Biosorbents. Biosorbents mainly include bacteria, fungi, algae, industrial wastes, agricultural wastes and other polysaccharide materials.
157 During the past years, the biochars which are derived from industrial and agricultural wastes have been suggested as potential ILs adsorbents. Shi et al. 158 conducted the adsorption of imidazolium-type ILs onto two biochars derived from straw and wood (denoted as SBB and WBB, respectively). The adsorption of ILs on SBB and WBB was found to be pH-dependent and could be promoted by trivalent anions (PO 4 3À ). Basically, the biochars could be regenerated using HCl solution. Yu et al. 159 produced modied biochars from agricultural wastes, such as peanut shell, corn stalk and wheat straw (denoted as PB-K-N, CB-K-N and WB-K-N) to remove [C 4 mim] [Cl]. Their results showed that the adsorption capacity decreased in the order of PB-KN > CB-K-N > WB-K-N, which was in accordance with the order of total acidic functional groups of Fig. 9 Selective permeability of the membranes. 
Membrane separation
During the past few years, membrane processes have been widely used for the recovery and purication of substances taking advantage of the selective permeability of the membranes (Fig. 9) . 162, 163 For the recovery of ILs, the membranebased methodology has also been employed owing to its relatively low energy consumption and simple operation. have been reported to be promising methods for the separation of ILs, among which the nanoltration is one of the most studied processes. Nanoltration membranes can isolate charged and neutral compounds, or mono-and divalent ions.
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The ILs can be either permeated through the membrane or retained on the feed side of the membrane. MS] ) from lactose. In both cases, the ILs penetrated through the membrane. The retention of the dye and the lactose was 99% and almost 98% respectively. In another study performed by Han et al., 75 two ILs (tetradecyl (trihexyl) phosphonium chloride (CYPHOS IL 101) and PEG-5 cocomonium methylsulfate (ECOENG500)) were rejected by nanoltration membranes (STARMEMTM 120 and 122). It was found that over 95% of ILs were remained at the feed side of the nanoltration membrane.
Operation conditions such as the feed concentration and pressure for the nanoltration process have been investigated. Abels et al. 72 used two commercially polyamide (Desal DK and Desal DL) and one polyimide (Starmem 240) membrane to separate saccharides and 1,3-dimethylimidazolium dimethylphosphate ([Mmim] [DMP]) of various feed concentrations. The IL was permeated while saccharides were retained by the membranes. However, for all three tested membranes, it was found that a severe decline of permeate ux happened at higher concentrations of IL. This was ascribed to the occurrence of high osmotic pressures, resulting in low permeation of the ILs. Nevertheless, it was feasible to recover IL with purity of 80% by using both polyamide and polyimide membranes. The effect of applied pressure gradient on the rejection of IL (i.e., 1-butyl-3-methylpyridinium tetrauoroborate ([C 4 -3-mpy][BF 4 ])) by nanoltration membrane (NF 270-400) was studied by Hazarika et al. 56 The solution ux was found to be increased with the applied pressure. More than 50% rejection of IL was obtained eventually. Similarly, when using two nanoltration membranes (NF90 and NF27) to concentrate [ initial content of 5 wt% to 18.85 wt% using NF90, resulting in a recovery ratio of about 96%.
In the study of Haerens et al., 167 two reverse osmosis membranes (FilmTec 102326 and FilmTec BW30XLE) and three nanoltration membranes (FilmTec NF90, FilmTec NF207 and DK) were used to concentrate 5 vol% Ethaline200 (a deep eutectic solvent which was prepared by mixing choline chloride and ethylene glycol in the ratio of 1 : 2) aqueous solution. They found that the rejection of Ethaline200 by FilmTec NF90 and FilmTec NF207 membranes was very low (<20%). The Desal DK, FilmTec BW30XLE and FilmTec 102326 membranes retained 88.0%, 90.5% and 91.1% of the IL respectively. Aer the separation, the maximum concentration of Ethaline200 was 30 vol%. Haerens et al. 167 pointed out that the method mentioned above could be used as a preconcentration process for other separation techniques which require a concentrated IL solution.
2.4.2. Pervaporation. Generally, the pervaporation (PV) process works as: the membrane downstream side is maintained under vacuum, while the membrane upstream side which is in contact with the liquid feed is kept at ambient pressure. The volatile solute is preferentially partitioned into a dense, non-porous membrane, the driving force of which is the chemical potential gradient (Fig. 10) . 169, 170 The pervaporation has been attempted to separate ILs from mixtures.
171,172
The rst application of pervaporation for the selective removal of volatile substances from ILs was reported by Schäfer and coworkers. 171 They tested different hydrophilic and hydrophobic polymeric membranes, i.e., poly(octylmethyl-siloxane) (POMS), polyether block amide (PEBA) and poly(vinyl alcohol) (PVA) to recover volatile solutes from [C 4 During the MD process, a hydrophobic and porous membrane is applied. The hydrophobic membrane displays a barrier for polar solvents of the liquid phase such as water, while the vapor phase (e.g., water vapor) is still allowed to pass through the membrane.
The MD operation can be divided into four classes: (i) direct contact membrane distillation (DCMD), (ii) air-gap membrane distillation (AGMD), (iii) sweep gas membrane distillation (SGMD) and (iv) vacuum membrane distillation (VMD). The DCMD has been used for concentration of ILs from aqueous solution recently. 68, 173, 174 The driving force of DCMD is the difference in the vapor pressure of a solution at different temperatures. 175 During the DCMD process, the mixed feed solution is heated to a higher temperature than that in the permeate solution on the opposite side of the membrane. The hot water vapor molecules pass through the membrane and are condensed on the distillate side, while the salt or other contaminant ions are remained on the feed side (Fig. 11) . In their work, a polyacrylonitrile-based (PANbased) hydrophobic membrane was prepared and utilized. A nal IL concentration of 65.5 wt% with a total recovery over 99.5% was achieved. However, they found that due to the high viscosity and high polarity of hydrophilic ILs, membrane fouling would happen during the membrane distillation process, which is an essential issue to be investigated. Aer careful tests, Wu et al. 173 pointed out possible membrane fouling mechanisms, including the [C 4 mim][Cl] deposition, the top layer wetting and the internal pore wetting. The deposited foulants could be removed readily by water ushing. However, once the wetting happened, it was difficult to realize a complete cleaning for the wetted membrane. Further research by the same group revealed that the chemical properties of membrane surface exerted more signicant impact on membrane fouling than the surface morphology. 
Electrodialysis.
With ion-exchange membranes as the separation medium and electric potential as the driving force, the electrodialysis (ED) has been employed in many elds. The electrodialysis is composed of dilute and concentrated compartments with alternating cation and anion exchange membranes in a stack. During ED process, cations are preferentially transported through the cation exchange membranes and anions through the anion exchange membranes. As a result, both cations and anions are accumulated in the concentrate compartment. In this way, the salt solution is concentrated. 176 Technically, the electrodialysis could be effective for IL recovery due to the electrolyte nature of IL. Fig. 12 . Ultraltration was employed to remove the residual lignin in IL solutions at rst, which could reduce the major pollutant from lignin derivative that would locate at the anion exchange membrane. The highest overall IL recovery ratio reached 75.2%.
Aqueous two-phase extraction
Aqueous two-phase extraction (ATPE) is based on the formation of the aqueous two-phase systems (ATPS), also known as aqueous biphasic systems (ABS). The ATPS could be formed when two immiscible phases (both soluble in water), e.g., polymer/polymer, polymer/salt or salt/salt, etc., are brought into the contact with each other above the critical concentration at a specic temperature. 180 The aqueous two-phase extraction has proven to be a rapid, low-cost and scalable technology for separation and purication of antibiotics, enzymes, therapeutic proteins, etc. [181] [182] [183] Through the aqueous two-phase extraction, the ILs aqueous solution could be separated into two phases, Fig. 13 Flow chart of the two-step approach for a IL-recyclable ATPS extraction of gallic acid: 1st step -ATPS using Na 2 SO 4 extracts the biomolecule into the IL-rich phase; 2nd step -ATPS using Na 2 CO 3 leads to the back-extraction and recovery of gallic acid from the IL phase. allowing the ILs to be concentrated or recovered in the IL-rich phase. Generally, the two phases could be formed through adding chemicals or changing temperature. . The positive charge on imidazolium-and pyridinium-based ILs is more delocalized over the ring compared to the quaternary ammonium-and phosphonium-based ILs, which allows the imidazolium and pyridinium cores to interact with water and thus disfavours the phase separation. Ventura et al. 185 evaluated the formation of ATPS based on imidazolium-, pyridinium-, pyrrolidinium-and piperidinium-based ILs with the salts (K 2 HPO 4 or a mixture of K 2 HPO 4 /KH 2 PO 4 ). Results showed that six-membered ILs (pyrrolidinium and piperidinium) were more easily to form the ATPS than ve-membered ILs (imidazolium and pyridinium), which could be ascribed to the difference in the charge density and molar volume of these cationic cores. Neves et al.
193 studied the effect of alkyl chain length on the ATPS formation involving hydrophilic imidazolium-based ILs and K 3 PO 4 . They found that increasing the length of alkyl chain of ILs could increase the phase separation capability. They believed that it was ascribed to the longer alkyl chain ILs which were more hydrophobic and thus aggregate more easily during the phase separation. Furthermore, Pei et al. 184 found that the phase-forming ability of the ILs follows the order: [C 4 
, indicating that bromide-based ILs presented higher aptitude to form ATPS than their chloride-based counterparts. This observation was in good agreement with the data reported by Coutinho and co-workers. 194 Cláudio et al. 191 proposed a two-step ATPS scheme to recover the ionic liquids. They conducted an IL-recyclable extraction to extract a kind of antioxidant (gallic acid). As shown in Fig. 13 , the gallic acid was rstly extracted into the IL-rich phase using Na 2 SO 4 -based ATPS. Subsequently, the IL-rich phase containing gallic acid was separated and formed a new ATPS with the addition of Na 2 CO 3 . Almost all of gallic acids were stripped and obtained through this back-extraction. While the ILs were regenerated for subsequent reuse. They evidenced that in each cycle among four sequential partitioning experiments, the recovery of ionic liquids could reach up to 94% or even 95%.
Carbohydrates. Although the addition of inorganic salts could be successfully applied to form ATPS, the concentration of inorganic salts in the salt-rich phase was oen very high, even Fig. 14 Phase change of the IL/water mixture driven by CO 2 /N 2 gas bubbling. CO 2 gas was bubbled into the mixture: (a) CO 2 gas bubbling just started, (b), (c), (d), and (e) correspond to 1, 2, 3, and 5 min after bubbling, respectively. Then, N 2 gas was bubbled for (f) 1 min and (g) 10 min, respectively. IL phase was coloured by Nile blue. All the processes were carried out at 20 C. The bubbled gas was leaked through another syringe (not seen). Reproduced with permission from ref. 63 4 ] was only 74%. Although the IL-carbohydrate-ATPS is more environmentally friendly compared with the ILinorganic salt-ATPS, the extraction efficiency still needs to be enhanced.
In addition to the two IL-based ATPS induced by inorganic salt and carbohydrate, other chemicals such as polymers 197 and amino acid 198 have also been studied to form ATPS. However, most of the work are still in the lab.
Carbon dioxide. Carbon dioxide (CO 2 ) is nontoxic, cheap and recyclable, thus it is oen used as the trigger for process switching in many cases. Introduction of CO 2 can induce either the formation of IL-based ATPS, 53, 199 or the direct phase transition of the IL/water mixture. 63 Xiong et al. C and atmospheric pressure. 63 As shown in Fig. 14 , the IL phase was coloured by Nile blue. Aer injection of CO 2 , the clear and homogeneous solution (Fig. 14a) turned turbid with bubbling time (Fig. 14b-d) . The mixture was separated aer 5 min (Fig. 14e) . The separated phase could be changed back to homogeneous state when N 2 gas was bubbled to remove the CO 2 ( Fig. 14e-g ).
2.5.2. ATPE based on changing temperature. Phase separation in mixtures involving ILs and water can also be induced by changing temperature. For some IL-water mixtures which possess a lower critical solution temperature (LCST), phase separation occurs when the temperature is above LCST. Fukumoto et al. 
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C. The range of operation temperature could be determined based on the ternary mixture composition to meet the requirement of a specic process.
Crystallization
Crystallization is a natural or articial process by which the atoms or molecules are highly organized into a structure known as crystal. Generally, crystallization can be attained by means of cooling or compression, as illustrated in Fig. 16 . By this way, the IL was crystallized out while impurities were remained in solution. 2.6.2. Melt crystallization. Melt crystallization works by cooling down a melt in a controlled way so that a fraction of the melt is crystallized. 204 This method has been proved to be applicable for purication of organic chemicals as well as ILs. A diversity of impurities in ILs have been efficiently removed by different melt crystallization techniques such as zone melting and layer melt crystallization.
Zone melting. During the zone melting, a molten zone traverses a long ingot of impure solid with a specic velocity.
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As the molten region moves along, it melts the solid at its forward edge and leaves a wake of purer substance solidied behind it, while the impurities concentrate in the melt and are moved to one end of the ingot. Choudhury et al. 54 was the rst to determine the features (e.g., nature of hydrogen bonding between the cation and anion, anion disorder and crystal packing, etc.) of the crystal structures of ve ILs Layer melt crystallization. Layer melt crystallization could be achieved by freezing a melt under controlled conditions of a heat exchange, where a solid layer of crystals is generated adjacent to a cooled surface. 207 The layer melt crystallization was also successfully applied for the purication of some ILs. Konig et al. 2.6.3. Pressure-induced crystallization. In addition to changing the temperature, it is feasible to crystalize ILs by [TfO] behaved as a superpressurized glass above 3.3 GPa.
Force eld
For some specic ILs systems, dispersions formed by hydrophobic ILs or solutions of magnetic ILs, other methods based on the employment of gravity eld, centrifugation 66 and magnetic elds 33,59,218-220 have been proposed for recovery of ILs.
2.7.1 Gravity separation. The separation of two immiscible liquids by gravity eld is based on the differences in the specic weight of liquids. The gravity separation process has the advantages of no additional chemicals, low manufacturing and operating cost, easy to scale-up, etc. Thus, it is an attractive method in industry for separation and recovery of ILs.
A successful example of an industrial process using ionic liquid is the BASIL (Biphasic Acid Scavenging utilizing Ionic Liquids) process developed by BASF for the production of the alkoxyphenylphosphine (Fig. 18a) . 43, 221 In this process, the dichlorophenylphosphine was reacted with ethanol and 1-methylimidazole. The ionic liquid, i.e., 1-methylimidazolium chloride ([Hmim] [Cl]), was formed as a by-product. Aer reaction, two liquid phases were formed: an upper phase of pure product (diethoxyphenylphosphine) and a lower phase of ionic liquid, which could be easily removed by gravity separation (Fig. 18b) . 43 Subsequently, the ionic liquid was deprotonated by reacting with sodium hydroxide to reform the 1-methylimidazole. The BASIL process is now run in a small jet reactor (Fig. 18c) with a capacity and yield of 690 000 kg m À3 h À1 and 98%, respectively.
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The IFP (France) has developed a biphasic process named Difasol, where the chloroaluminate(III) ionic liquid is used as solvent for the nickel-catalysed dimerisation reactions. 222 The process was operated in a pilot plant. As shown in Fig. 19 , a representative industrial feed (C 4 raffinate II), composed of 70 wt% butene (27 wt% of which is 1-butene) and 1.5 wt% isobutene (the remainder being n-butane and isobutane) was introduced continuously into the mechanically stirred type reactor containing the ionic liquid and the nickel catalyst. The reactor was operated full of liquid. The effluent (a mixture of the two liquid phases) le the reactor via an overow and was transferred to a phase separator. The separation of the ionic liquid from the product occurred rapidly and completely (favoured by the difference in densities). The ionic liquid phase containing the catalyst was recycled to the reactor, while the product was transferred to the washing and distillation section. Aer continuous run of 5500 hours, the volume of the ionic liquid phase did not change and no ionic liquid was detected in the product. The conversion of butenes was maintained above 70 wt% and the octene selectivity was around 95 wt%. The University of Petroleum (China) developed an alkylation process of isobutane and C 4 olens for manufacturing alkylate oil, 223 where a composite catalyst is used based on the chloroaluminate ionic liquid and metal compounds. Aer the reaction, the ionic liquid and the alkylation product would form two phases, which could be readily separated.
2.7.2 Centrifugation. Birdwell et al. 66 studied the separation of aqueous dispersions of hydrophobic ILs by using a centrifugal contactor. Even though some systems were not separated well under gravity settling, application of the centrifugal contactor technology allowed all of the studied systems to be separated. Especially, the rapid separations could be achieved under low interfacial tensions, low viscosities and large density differences.
2.7.3 Magnetic separation. Magnetic ILs are generally obtained by incorporating high-spin transition metal ions into the structure of conventional ILs, which show a strong response to magnetic eld. 224 This feature provides the possibility of using a magnetic eld to recover ILs. By mixing [C 4 4 ] could be successfully separated from the two phase mixture where the concentration of IL was over 50% (v/v) by the magnetic eld at 1 T. However, the obtaining of pure IL from the homogeneous mixtures was found to be limited when the IL concentration was less than 20% (v/v). The difficulty in separating this hydrophilic magnetic IL from diluted aqueous solution may be due to the low magnetic susceptibility and strong interaction with water molecules. 220 Inspired from this nding, Zhao et al. 
Combined methods
Due to the complexity of chemical reactions or separation systems in practical processes, the single method may not meet the satisfaction of total recovery of ILs or cannot reach the requirement of purity. To improve the recovery or purication efficiency, several techniques would be utilized in conjunction during a specic process. Herein, examples for combining different methods to recover ILs are slightly presented here. As mentioned above, the ILs have been used as solvents or catalysts in a wide array of reactions. Aer completion of the reaction, ILs can be separated from both non-volatile and volatile products or impurities by extraction with organic solvents followed by distillation. 225, 226 In some cases, the ltra-tion is also needed to separate the solid chemicals at rst.
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For instance, Khan et al. 52 conducted one-pot conversion of cellulose to levulinic acid using dicationic IL (1,1-bis(3-methylimidazolium-1-yl) butane hydrogensulfate ([C 4 (mim) 2 ] [2(HSO 4 )(H 2 SO 4 ) 2 ])) as a catalyst. The reaction mixture was diluted with deionized water followed by passing through Teon lter paper. Aer ltration of the insoluble humin, the ethyl acetate was added to the mixture for extraction of levulinic acid, obtaining an upper phase containing levulinic acid and lower phase containing IL and water. The IL from lower aqueous phase was recovered using vacuum rotary. According to the NMR and FTIR spectral analysis, no extra peak appeared in the used IL, conrming the purity and stability of IL under the experimental conditions. Moreover, IL was recycled up to 4 times with less than 5% weight loss. Another example for ILs recycling by combination of ltration, extraction and evaporation was given by Bogdanov et al. 67 Their study aimed at regenerating 1-butyl-3-methylimidazolium acesulfamate ([C 4 mim][Ace]) which was used to extract the bioactive alkaloids S-(+)-glaucine from aerial parts of G. avum Crantz (Papaveraceae). The whole process is depicted in Fig. 21 . When the IL- supported solid-liquid extraction for plant material was nished, the residual biomass was ltered and collected for recovery and regeneration of the rest IL residing in the matrix pores of biomass. The IL in the enriched crude glaucine was extracted with chloroform. Aer phase separation, the upper ILaqueous phase was set aside for subsequent IL regeneration. As for the block of IL regeneration, the collected residual biomass was washed by water. The IL aqueous solution obtained aer washing was mixed with the materials came from extraction. Aer water removal under reduced pressure, the residue was dissolved in dry dichloromethane followed by the ltration of the solution and the evaporation of organic solvent successively. Finally the residue was mainly consisted of [C 4 mim][Ace]. The IL was successfully recovered and reused in ten consecutive extraction cycles without loss of performance. However, this procedure is limited for industrial application due to the requirements of organic solvents like chloroform and dichloromethane with toxicity, thus screening more benign solvents is becoming much more essential.
Solà Cervera et al. 208 designed an integral recycling concept for [C 2 mim][NTf 2 ]-AlCl 3 -based electrolytes which was used for the electrodeposition of aluminum. Fig. 22 displays a complete ow sheet of recycling steps, which can be divided into three parts: the rst part is crystallization of the spent electrolyte, the second is correlated with further extraction of the residue aer crystallization, while the third part is about the two step nanoltration for concentration and separation of the ionic components in the washing stream. (i) Aer completion of the electrodeposition process, two main components in the spent electrolyte ( process, only waste solutions containing aluminum salts, very low concentrations of the ILs and some impurities are generated. However, it is just a semiquantitative concept, which needs to be further applied and validated. The Eastman Chemical Company had been running a process for the isomerisation of 3,4-epoxy-1-butene to 2,5-dihydrofuran between 1996 and 2004, during which a combination of distillation and extraction was employed for the ionic liquids recovery. 39, 227 This process was operated in a plant with capacity of 1400 metric tons per year (Fig. 23) . The mixture of a Lewis acid (trialkyltin iodide) and a Lewis basic (tetraalkylphosphonium ionic liquid ([P 8, 8, 8, 18 ][I])) was used as the catalyst. Aer reaction, the 2,5-dihydrofuran and one of the byproduct (crotonaldehyde) were distilled out in a wiped-lm evaporator. Another by-product (oligomer) was extracted from the catalysts with hydrocarbon in a continuous, counter-current and liquid-liquid extractor. Aer distillation of the hydrocarbon, the catalysts could be reused for isomerisation. The plant is now idle due to the declined market for the product.
Discussions on the recovery and purification technologies for ionic liquids
As mentioned above, there are different methods for the recovery and purication of ionic liquids. However, due to the differences in the properties of ionic liquids, the compositions of ionic liquids solutions and the specic requirements of operational cost, each of the technologies for the recovery and purication of ionic liquids from solutions possesses its optimal application scope. Accordingly, it is necessary to know the applicable scope of each method before the process design. Characteristics, advantages and disadvantages of different ILs recovery methods are summarized in Table 4 . The ILs and their corresponding recovery methods which are mentioned in the review are presented in Tables 5 and 6 .
Distillation is considered to be an easily operated method for recovery of ILs. The distillation process could be conducted through vaporization of the water or other volatile solvents (e.g., methanol, acetone, etc.), where ILs (either hydrophilic or hydrophobic) are remained as the residue. This is especially suitable to separate high concentration ILs solutions and usually ILs with high purity could be obtained. The distillation could also be carried out through the reaction of ILs (e.g., 1,3-substituted imidazolium ILs). However, it would increase the operational difficulty, and oen the impurities would occur in the recovered ILs. Furthermore, although some aprotic ILs could be distilled as intact ion pairs without decomposition, the harsh distillation conditions would cause the increased operation costs. The traditional distillation is a common method in industrial application. However, it oen exhibits high energy consumption and a risk of thermal decomposition of the substances. Therefore, the pre-concentration of the ILs solution may be an attractive option to run the distillation process in a more energy-saving way.
Extraction is a relatively simple and low-cost method which shows potential in recovering ILs from solutions containing non-volatile or thermally sensitive substances. Extraction with water is suitable to separate the hydrophilic compounds from hydrophobic ILs (e.g., [C 4 , and it could also be used in different elds (organic synthesis reaction, extraction separation, biomass pretreatment, etc.). However, the use of organic solvents would cause the cross-contamination and other environment problems. As a kind of nontoxic and easy to separate solvent, the scCO 2 is able to separate a series of organic solutes (e.g., naphthalene, phenol, benzoic acid, methanol and hexane, etc.) from the hydrophobic ILs (e.g., [C 4 mim][PF 6 ]). For the mixture of IL and some polar organic compounds (e.g., ethanol and acetone), it is feasible to use scCO 2 as the solvent only when the concentration of these organic compounds is pretty low (e.g., 10 mol%). High pressure CO 2 could lead to the phase separation of some ILs ([C 4 ) from aqueous solutions. It is worth noticing that concentrated ILs solutions, but not pure ILs are obtained aer the membrane separation, thus the membrane technology could also be employed as a preconcentration process and combined with other methods such as distillation or extraction. Moreover, to facilitate the industrialization step of the recovery of ILs by membrane separation, more attempts should be made to reduce the membrane cost, decrease the membrane fouling and improve the membrane separation performance, etc.
The aqueous two-phase extraction, which is based on the formation of aqueous two-phase systems with no use of organic solvents, is regarded as an environmentally friendly method to recover hydrophilic ILs from aqueous solutions. Adding inorganic salts or carbohydrates could induce the phase separation of water and a variety of ILs (e.g., [C 4 Table 4 Comparison of ionic liquids recovery methods Separation by force eld is sometimes an easy method to be operated. The gravity separation has been the most widely used method to recover IL from immiscible liquids in industry, which is due to advantages of simple operation, low cost and no chemical additions. The centrifugation is suitable to recover hydrophobic ILs from dispersions or emulsions, but it is restricted by the low production. Furthermore, separation under the magnetic eld could only be applied to recover magnetic ILs (e.g., [C 4 
Methods
Conclusions and perspectives
Ionic liquids have been widely investigated and applied in many elds, including catalyst processing, material synthesis, extraction, desulfurization, hydrogenation, etc. However, due to their hygroscopicity or dissolution to the solvents, they are oen contaminated by different chemicals, such as salts, water, hydrocarbon solvents, etc. Now, the recovery and purication of ionic liquids would be one of the biggest challenges before their industrial applications. From the energy and resources saving point of view, it is urgent and necessary to recover the ILs from the waste solutions, which is also a signicant aspect for the industrialization of ionic liquids. During the last decades, different technologies, i.e., distillation, extraction, adsorption, membrane separation, aqueous two-phase extraction, crystallization and external force eld separation, have been investigated for the recovery and purication of ILs either in lab or in pilot scale.
Although some single methods would perform well in separating the ionic liquids from the solutions, most of their efficiencies are limited, resulting in low purity of the product or high cost or high energy input. More efforts should be made to optimize the ionic liquid recovery process in the future. On one hand, more in-depth and comprehensive fundamental researches of the separation technologies are required, e.g., the thermodynamic and kinetic analysis in the distillation and adsorption, optimization of the mass and heat transfer during the extraction, exploration of the deactivation and regeneration mechanisms of the membrane, energy optimization of the separation processes, etc. On the other hand, selecting and designing the combined recovery process is an attractive choice for the recovery of ILs. A comprehensive evaluation of the combined process should be conducted by considering the characteristics of ionic liquids (e.g., concentration, hydrophilicity and hydrophobicity, thermal sensitivity, etc.), the energy consumption, the equipment costs and the requirement of product purity, etc.
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